The high-dilution diffusion of Tl + in molten NaN03 , KN03 and RbN03 has been measured with wave-front-shearing interferometry. For very low concentrations of T1N03 the results are
Introduction
The mass, the ionic radius and the polarizability of diffusing ions are parameters that can be expected to have an influence on the rate of diffusion in an ionic melt. Experimental isotope effects in electromigration prove that the mass plays a role in electromigration processes in ionic melts and a molecular dynamics study demonstrates the existence of isotope effects in classical diffusion processes in ionic melts [1] , whereas little is experimentally studied. Geometrical considerations of models stress the importance of the radius. An estimation of the relative contribution of the three parameters is complicated by the fact that there exists no pair of ions for which two of the parameters are nearly equal except in the case of isotopic ions. A fundamental problem is of course that the ionic radius is not as well defined as most other parameters, and thus, there is considerable disagreement in the literature concerning preferable radii of ions [2] . (It must also be remembered that all estimates of ionic radii are made for solid compounds with monoatomic ions, while our discussion concerns melts, where the anion is polyatomic.) Besides the three parameters, other factors such as the parame-* Present address: Department of Electronic Chemistry, Tokyo Institute of Technology, Nagatsuta, Midori-ku, Yokohama, Japan. Reprint requests to Dr. S. E. Gustafsson, Department of Physics, Chalmers University of Technology, S-402 20 Göte-borg, Sweden. ters of more sophisticated pair potentials between diffusing ions should also be taken into consideration.
In the present study a small amount of T1N03 has been added to NaN03, KNOa and RbN03, and interdiffusion has been measured by wave-frontshearing interferometry [3 -5] . The results are compared with our previous work by the same method, where NaN03, KN03, RbN03, CsN03 and AgN03 were added to alkali nitrates [3, 4] and where T1N03 was added to LiN03, loc. cit. [6] . For the system NaN03 -T1N03 interdiffusion was studied at several concentrations.
The refractive index of molten T1N03 is considerably larger than that of molten alkali nitrates, and therefore, it is possible to work with very low concentrations of T1N03 .
Experimental
The arrangement of the wave-front-shearing interferometer used was similar to that employed for the measurement of the thermal conductivity of some ionic melts [7] .
A slot in a stainless steel block constituted the diffusion cell (Figure 1 ). The slot was closed at both ends with quartz windows which were connected to the light ports [7, 8] . The quartz windows were of interferometric quality; the flatness of the surface was better than A/5, and the parallelism of both surfaces was within 2". The light ports were pressed against the diffusion cell with aluminium holders and stainless steel screws to keep in position both the quartz plates and the light ports. The detailed arrangement of the light ports was described previously [8] . A He-Ne laser (/ = 632.8 nm) of 1.5 mW made by Spectra Physics was used as the light source. The chemicals used were of analytical reagent grade. Sodium, potassium and rubidium nitrates were dried in an air bath at 120 °C before use, melted in a glass tube and then poured into the cell through the upper hole to a height of about 20 mm. The crystals of T1N03 were prepared by melting the salt and then letting it solidify. With this process the air, otherwise likely to be trapped in the substance, was eliminated. The diffusion experiment was initiated by dropping a small crystal of TINO, to the bottom of the cell through a glass tube about 1 m long and the upper hole of the cell [3] .
In the case of NaN03 -T1N03, the concentration of NaN03 was chosen at 100, 88.8, 73.8, 51.5 and 31.6 mol% and again a crystal of several mg T1N03 was dropped. A detailed mathematical consideration of the non-ideal conditions in bottom layer diffusion experiments has been given previously [9] .
From the onset of the diffusion, the interferograms were observed with a Nikon F camera and photographed every two minutes. The method of calculating the interdiffusion coefficients from the obtained interferograms has been described previously [3] .
The temperature of the diffusion cell was measured with a calibrated chromel-alumel thermocouple, the end of which was placed inside the hole of the diffusion cell (see Fig. 1 ). The heat capacity of the furnace used was so large that the temperature could be kept constant within ±0.1 °C during an experiment over a period of, say, 1 h.
Results and Discussion
The high-dilution diffusion coefficients of Tl + in NaN03 are given in Table 1 . The logarithm of the diffusion coefficients is plotted against the reciprocal of the absolute temperature in Figure 2 . These diffusion coefficients have previously been measured at 316 °C with a zone diffusion technique by Forcheri and Wagner [10] (1.85 X 10~9 m 2 /s and 1.81 X 10~9 m 2 /s). Their values are about 20% higher than ours. Their values of the self-diffusion coefficients of Na in NaN03 in the same experiment are also about 20% higher than those measured with a capillary method by Dworkin et al. [11] . There are also other data available on the interdiffusion coefficients of T1N03 in NaN03 [12] ; these very old data, however, are likely to be too high by a factor of 2 to 3. For comparison, Fig. 2 also shows some results obtained for low concentrations of other ions in NaN03 . Thus, optical interferometry has been used previously to study the diffusion of Rb + , Cs + ang Ag + ions [3, 4] .
Mostly the radius of Tl + is considered to be somewhat smaller than that of Rb + (Tl + 0.150 nm and Rb + 0.166 nm [2] ; Tl + 0.140 nm and Rb + 0.148 nm [13] or both 0.147 nm [14] ) and it might be of interest to include for both these ions results ob- tained also by other methods. Thus for Rb + , measurements have also been made with two porous frit methods, one gravimetric and one with a tracer, as well as with glass-fibre-paper chromatography [16, 17] . The latter is not shown in Fig. 2 , since it was made at a temperature considerably higher than that of the other experiments: 3.82 x 10~9 m 2 /s at 450 C. However, it can of course be compared with extrapolated values, and it turns out that for highly diluted Rb + in NaN03, the results of the present method are of the order of 25% lower than those obtained by the three other methods. The interdiffusion coefficients in the NaN03 -T1N03 system are listed in Table 2 . As the concentration of TINO3 increases, the relative difference in refractive indices becomes smaller, which means that the interferograms become increasingly difficult to evaluate. In the case of 68.4 mol% T1N03, the measured diffusion coefficients sometimes also varied due to the fact that the small difference in the densities implied that the initial condition of the diffusion process was not satisfactorily fulfiled. The scattered values are omitted from Table 2 where D is the diffusion coefficient in m 2 s -1 , R the gas constant in J K _1 mol -1 and T the temperature inK. In the system NaN03 -T1N03 , the isotherm of the interdiffusion coefficients at 316 °C has been obtained over the whole concentration range by Forcheri and Wagner [10] . According to them the interdiffusion coefficient increases with the concentration of NaN03 . The present data, not covering the range of very concentrated T1N03, do not show much change with concentration.
Concerning the high-dilution diffusion coefficients of Tl + in molten KN03, there are no data available except the very old ones (3.2, 3.3 and 3.4 x IO -9 m 2 /s at 345, 365 and 380 °C, respectively [12] ); these values are about twice as high as the present high-dilution values, which are listed in Table 3 . In Fig. 3 the present results are compared with previous studies by the same method on the diffusion of Na + , Rb + , Cs + and Ag + ions [3, 4] . 
3.7-
The high-dilution diffusion coefficients of Tl + in RbN03 are given in Table 4 and in Fig. 4 , where the corresponding results for Ag + also are shown [3] . For comparison, data on the self-diffusion of Rb + are also shown, according to zone diffusion [16 -19] , porous frit [20] and "diffusion-into-acapillary" [21] measurements.
The diffusion of highly diluted Na + , K + , Rb + , Cs + and Tl + ions in LiN03 has been studied previously by optical interferometry [4, 6] . Just above the melting point Dji was lower than Dc$, while at 350 °C, DJI was about equal to DRb • This latter result for LiN03 together with the observation that Dn and Z)Kb nearly coincide in NaN03 and KN03 -8.9
-9.0 ( Fig. 2 and 3 ) could be taken as evidence that the radius of the ion is the predominant parameter, were it not for the following fact: In NaN03 the obtained D±g is larger than the self-diffusion coefficient [11] (measured by another method of course), while it is a common observation for molten salts that the diffusion coefficient for a certain ion tends to be smaller when its concentration is low than when that ion is abundant. As for KNOg, taking into account the experimental error, one could consider D\g and Z)ya in it to be nearly equal, while there is some uncertainty whether in a melt the radius is larger for Ag + than for Na + or if they are about equal [22] . Hence, for diffusion at high-dilution of monovalent cations in alkali nitrates the studies so far made by optical interferometry indicate that Ag + and Tl + ions do not necessarily follow the same systematics as the alkali ions. The two former ions have a higher polarizability than alkali ions with nearly the same radius. (The polarizability and also the mass increase in the order Li + , Na + , K + , Rb + , Ag + , Cs + , Tl + [23] , while as stated above, the likely order for the radii is Li + , Na + , Ag + , K + , Tl + , Rb + , Cs + .) The finding that the difference between and D\g is somewhat clearer than that between Dp^ and Dj\ would suggest that the difference in polarizability betw r een Na + and Ag + might have a greater influence on diffusion than that between Rb + and Tl + .
Since both the abundant and impurity ions are involved in the process of interdiffusion, some information on the interaction can be obtained. If the motion of the abundant ions were dominating the transport, one would expect nearly the same interdiffusion coefficients for all impurities in a certain melt, which is claimed by Zuca and Constantinescu [24] to be the case for the alkali nitrates, except LiNOs, and for AgN03 . However, our results show that the parameters of the highly diluted ions are of importance for interdiffusion.
Diffusion coefficients and the radius of the diffusing particles have often been correlated by means of the Stokes-Einstein equation:
D^kT/nnrrj (1) where k is the Boltzmann constant, T the absolute temperature and rj the viscosity of the solvent. If r is chosen as the radius of the ion of low concentration, and D is the interdiffusion coefficient, a value of n can be calculated for an interdiffusion system. For the studies made so far by optical interferometry, this is done in Table 5 , using the radii suggested by Pauling [13] , where data of D and rj are interpolated or extrapolated to 1.1 Tm, Tm being the melting point. It has been stated by Forcheri and Wagner [10] that if a value of 4.6 is chosen for n, the low-concentration diffusion coefficients of many univalent cations in univalent nitrates can be expressed fairly well by Equation (1). As can be seen from Table 5 , n tends to fall between 2.5 and 3.5 for diffusion in LiN03 and to be larger than 5 for the diffusion of alkali ions in KNOs . For highly diluted Ag + ions n is either low or "normal" depending on which alternative is preferred for the ionic radius. If the small radius is chosen for Ag + the values of n tend to be nearly the same for Ag + and Tl + ions.
Since the upper accessible temperature range is limited in these experiments because of the thermal are listed together with those for other cations obtained by optical interferometry and for Rb + also by other methods. The Arrhenius coefficients for Tl + , although the standard deviation of errors is large, seem to agree well with the corresponding ones for Rb + in the solvents NaN03, KN03 and RbN03. Furthermore, concerning Rb + Table 6 shows that irrespective of the methods or the investigators the Arrhenius coefficients agree well with one another within experimental errors in the same solvents even in the case the diffusion coefficients themselves do not agree. It might not be fortuitous that the Arrhenius coefficients for the solvent NaN03 are somewhat smaller than those for KN03 and distinctly smaller than those for RbN03 . This order can be found also for the temperature coefficients of the molar volume of these solvents; on the basis of the density data [25] , the molar volume is expressed adequately as = 4.465 x 10~5 + 1.74 x 10~3 (7'-310) forNaN03, fm = 5.405 x 10-5 + 2.18 x 10~8 (7 , '-337) for decomposition of the nitrates, it cannot be judged from the present data whether Arrhenius plots of the diffusion coefficients deviate from a straight line. In Table 6 the Arrhenius coefficients for Tl + KN03, and FM = 5.954 xl0~5 +2.42 xlO" 8 (T' -316) for RbN03 (Vm in n^mol" 1 ) in the temperature range from the melting point to about 100 °C above it, where T' is the temperature in C. This fact would support the assumption that in these solvents the free space plays a significant role in diffusion. In LiN03 , where the volume of the free space is supposed to be very small relative to the size of Rb + or Tl + , other factors would be more predominant; in LiN03 the Arrhenius coefficients have been measured by the present method to be 20700 J/mol for Rb + [4] and 28400 J/mol for Tl + [6] , while the molar volume is expressed by 3.872 x 10 -5 + 1.22 x 10~8 (T' -254).
In the present experiments, the concentration of the diffusing ion is so low that it would be safe to regard the obtained diffusion coefficients approximately as the thermodynamical diffusion coefficients [26] . In a very dilute concentration of a diffusing cation the equivalent electrical conductivity of a pure solvent, A, the thermodynamical interdiffusion coefficient, D12', and the ratio of internal mobilities of the two cations (bjb2) are expressed in terms of the friction coefficients ry [27, 28] :
Di2'/RT = 2/(r12 + rls),
where the subscripts 1, 2 and 3 denote the diffusing cation, i. e., Tl + in this case, the cation of the solvent and the solvent anion, respectively. Here, the internal mobility of the cations is the mobility with reference to the anion.
From Eqs. (2), (3) and (4), it follows
For the systems TlN03-LiN03 [29] , TlNOsNaN03 [10] and TlN03-RbN03 [29] the values of (b1/b2) are available. For these systems, r12, r13 and r23 are calculated and tabulated in Table 7 . In a previous article [6] the friction coefficient r12 in LiN03 was calculated on the assumption b1 = b2 . Since this assumption experimentally proved not to be proper [29] the friction coefficient is recalculated here. The negative values of r12 in LiN03 would reflect the situation that in LiN03 the mobility of Tl + ions is restricted very much due to the small volume of the free space as compared with the volume of a Tl + ion. Thus, it should be emphasized that the negative value of r12 calculated from Eq. (5) would not necessarily mean that the formation of complexes or associated species. The extraordinary change of bjb2 with temperature and concentration in the T1N03 -LiN03 system can be interpreted without assuming the presence of any associated species [29] . Recently, the ratio of the internal cationic mobilities in the RbN03 -LiN03 system has also been measured in a wide range of temperatures and concentrations [30] . The results show that the situation is very similar to that of the TINOg -LiNOs system.
As seen from Table 7 , the friction coefficients in RbN03 obey the general rule for three-component systems that the friction coefficients are positive and decrease with increasing temperature. In NaN03 and KN03, in which the value and the temperature dependence of bjb2 have not been determined yet, there is reason to believe that the situation would be similar to that in RbN03 .
In conclusion, in molten NaN03, KN03 and RbN03, the high-dilution diffusion coefficients of Tl + measured with optical interferometry seem to be similar in magnitude to those of Rb + , and in KNOg that of Ag + is nearly equal to that of Na + , while in NaNOg that of Ag + is distinctly higher than the self-diffusion coefficient of Na + . In LiNOg the high-dilution diffusion coefficients of Na + and Rb + seem to be higher than those of Ag + and Tl + , respectively, particularly at low temperatures. (The interdiffusion coefficients of Ag + in LiNOg have been determined with other method [31] [32] [33] [34] .
Since the values of diffusion coefficients determined with different methods or by different investigators do not necessarily agree well with each other, we cannot decisively conclude what factors determine a diffusion process.
